Leptin is an adipocyte-derived hormone that plays a key role in the regulation of body weight through its actions on appetite and metabolism. Leptin also increases sympathetic nerve activity (SNA) and blood pressure. We tested the hypothesis that diet-induced obesity is associated with resistance to the metabolic actions of leptin but preservation of its renal SNA and arterial pressure effects, leading to hypertension. Mice were fed a highfat diet for 10 weeks to induce moderate obesity. The decrease in food intake and body weight induced by intraperitoneal or intracerebroventricular leptin was significantly attenuated in the obese mice. Regional SNA responses to leptin were differentially altered in diet-induced obese mice. Renal SNA response to leptin was preserved, whereas lumbar and brown adipose tissue SNA responses were attenuated in obese mice. Radiotelemetric arterial pressure was ϳ10 mmHg higher in obese mice. Furthermore, the increase in arterial pressure in response to long-term (12 days) leptin treatment was preserved in obese mice. Thus, mice with diet-induced obesity exhibit circulating hyperleptinemia and resistance to the metabolic actions of leptin. However, there is preservation of the renal sympathetic and arterial pressure responses to leptin, which represent a potential mechanism for the adverse cardiovascular consequences of obesity. Diabetes 54:
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besity is an important risk factor for cardiovascular morbidity and mortality. The mechanisms linking obesity and cardiovascular disorders remain poorly understood. Several mechanisms have been implicated, including overactivity of the sympathetic nervous system (1-3). Recent evidence indicates that leptin may play a role in the high arterial pressure associated with excess weight gain. Leptin, a 167-amino acid protein secreted by adipocytes (4), relays a satiety signal to the central nervous system where it acts to decrease appetite and increase energy expenditure through activation of the sympathetic nerve outflow to thermogenic tissues, such as the brown adipose tissue (BAT) (5) . Leptin also causes a significant and dosedependent sympathetic excitation to nonthermogenic tissues, such as the kidneys and adrenal glands (5, 6) . Renal sympathetic activation to leptin suggests that this hormone plays a role in cardiovascular regulation. Indeed, chronic infusion and transgenic overexpression of leptin has been shown to increase arterial blood pressure and heart rate (7, 8) . In contrast, leptin deficiency, as in the ob/ob mouse, leads to decreased arterial pressure, despite severe obesity (9) .
Plasma leptin levels are significantly elevated in obese individuals compared with lean subjects (10, 11) . Therefore, it has been suggested that most obese subjects have resistance to the anorectic and weight-reducing effects of leptin. Emerging evidence suggest that leptin resistance associated with obesity may be selective and spare some actions of leptin. For example, in agouti obese mice, there is resistance to the metabolic effects of leptin, but leptin still contributes to the hypertension observed in this model (8, 9) . Recently, we have demonstrated that agouti obese mice have selective leptin resistance with preserved renal sympathetic activation despite the loss of the anorectic and weight-reducing effects of leptin. The effects of leptin on food intake and body weight were significantly less in agouti obese mice than in lean controls, whereas the increase in renal sympathetic nerve outflow was preserved in agouti obese mice (12, 13) . However, the relevance of this mouse model to human obesity is unclear, as no form of human obesity caused by overexpression of agouti or agouti-related proteins has been reported.
In the present study, we examined the role of leptin in hypertension associated with an acquired form of obesity, namely diet-induced obesity. Dietary models of obesity are widely accepted models for common human obesity. This is based on the observation that diet-induced obesity in animal models recapitulates the features of obesity in humans, including metabolic and cardiovascular changes (14) . We tested the hypothesis that diet-induced obesity is associated with resistance to the metabolic actions of leptin but preservation of the cardiovascular sympathetic actions, leading to hypertension.
consisted of a special diet composed of protein (24%), fat (24%), and carbohydrate (41%). Body weight was recorded every week for 10 weeks. Mice were housed in a room with constant temperature (23°C) and a 12-h light/dark cycle (light turned off at 6 P.M.) with free access to food (normal or high-fat diet) and tap water. The University of Iowa Animal Research Committee approved all protocols. Procedures Recording of sympathetic nerve activity. Mice were anesthetized by an intraperitoneal injection of ketamine (91 mg/kg) and xylaxine (9.1 mg/kg). To measure direct multifiber regional sympathetic nerve activity (SNA), a nerve fascicle to the left kidney, hindlimb, or BAT was carefully isolated. A bipolar platinum-iridium electrode (Cooner Wire) was suspended under the nerve and secured with silicone gel (Kwik-Cast; WPI, Sarasota, FL). The nerve signal was amplified and filtered as previously described (12, 13) . The integrated voltage after death (background noise) was subtracted from the total integrated voltage to calculate real sympathetic activity for each nerve. Measurement of arterial pressure. Arterial pressure was recorded in mice using continuous radiotelemetric measurement. Mice were intraperitoneally anesthetized with a ketamine/xylaxine cocktail. The left common carotid artery was isolated, and the catheter was inserted and tied securely using the silk. The transmitter was slipped under the skin and down into a dissected free "pocket" along the flank as close to the right hindlimb as possible. The neck incision was closed using silk and further sealed with tissue adhesive. Mice were kept warm on a heating pad and monitored closely until fully recovered from anesthesia. Intracerebroventricular cannulation. Intracerebroventricular cannulae implantation was performed as previously described (12) . Briefly, mice were anesthetized by an intraperitoneal injection of ketamine/xylaxine cocktail and placed in a stereotactic device (Kopf Instruments), and a cannula was implanted into the right lateral brain ventricle. Mice were given 5-7 days to recover from surgery. Plasma leptin assay. Plasma was obtained by centrifuging (5,000 rpm for 5 min) blood collected from mice. Plasma concentration of murine leptin was measured by radioimmunoassay using a commercially available kit (Linco). Effects of leptin on food intake and body weight. Body weight and food intake of individually caged lean and obese mice were measured daily for 3 consecutive days before treatment. Mice (n ϭ 15-16 animals per group) were then assigned to receive intraperitoneal murine leptin (R & D Systems) at 30 or 60 g or vehicle (0.9% NaCl, 30 l) twice daily. Body weight and food intake were measured daily for 3 consecutive days during leptin or vehicle treatment. Other groups of mice on normal or high-fat diet were assigned to receive one intracerebroventricular injection of leptin (5 g) or vehicle (2 l). Body weight and food intake were measured 24 h after intracerebroventricular leptin or vehicle. We weighed three fat pads (BAT and epididymal and perirenal fat) when each mouse was killed. Design Effects of leptin on regional SNA. Anesthetized mice were instrumented for measurement of arterial pressure and heart rate (via a catheter inserted in the carotid artery) and SNA to the kidney, hindlimb, or BAT. A catheter was inserted into the jugular vein for maintenance of anesthesia with intravenous ␣-chloralose (25 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ). Body temperature was maintained at 37.5°C with the assistance of a lamp and a heating pad. SNA and hemodynamic parameters were recorded at baseline (10 min) and during 240 min after treatment.
The effect of intravenous leptin and vehicle on renal, BAT, and lumbar SNA was compared between mice fed normal or high-fat diet (with 10 -17 animals per group). A higher dose of intravenous leptin was used for lumbar and BAT SNA (60 and 120 g) compared with renal SNA (30 and 60 g), because these nerves were found to be less sensitive to leptin. In a subset of mice fed normal (n ϭ 6) or high-fat (n ϭ 6) diet, renal nerves were cut distally to the site of recording before intravenous administration of leptin (60 g).
The responses of renal, BAT, and lumbar SNA to intracerebroventricular leptin (5 g) and vehicle (2 l) were also compared between mice fed normal or high-fat diet (with 5-16 animals per group). At the end of the study, blood samples were collected from the carotid artery for plasma leptin measurements. Finally, animals were killed with a lethal dose of ketamine/xylazine. Effects of obesity and leptin on arterial pressure. After 1 week of recovery from surgery to implant the radiotelemetry transmitters, arterial pressure and heart rate were recorded in the conscious unrestrained state for 7 days. Lean and obese mice (n ϭ 7-8 animals per group) then received 12 days treatment with vehicle or leptin (60 g i.p., twice daily) with continued arterial pressure and heart rate recordings. Body weight and food intake were measured daily before and after starting the leptin treatment. Because leptin did not significantly decrease food intake in the obese mice, a pair-fed group of mice was included only for the mice on normal diet. Pair-fed mice (n ϭ 6) received a daily amount of food equal to the amount of food consumed by the lean mice treated with leptin. These pair-fed mice also received intraperitoneal vehicle treatment. Data analysis. Results are expressed as means Ϯ SE. Because of the animal-to-animal variability in baseline SNA, the data for SNA are expressed as percentage change from baseline. Data were analyzed using one-or two-way ANOVA. When analysis of ANOVA reached significance, the StudentNewman-Keuls (when there is an equal number of animals in each group) or Bonferroni (when the number of animals differs between groups) tests were used to compare the mean values among the different levels of mice diets and treatments. A value of P Ͻ 0.05 was considered significant.
RESULTS
Obesity was induced in C57BL/6J mice by exposure to a diet in which 45% of the calories were derived from fat (n ϭ 287); a parallel group of mice was fed a normal diet with 13% fat (n ϭ 250). While body weight was comparable at baseline (17.3 Ϯ 0.2 and 17.4 Ϯ 0.1 g in mice on normal or high-fat diet, respectively), mice on the high-fat diet exhibited a greater weight gain than the controls on normal diet (P Ͻ 0.001, Fig. 1A ). The difference in body weight became statistically significant as early as 1 week after dietary treatment (19.7 Ϯ 0.1 g in mice on normal diet and 20.5 Ϯ 0.1 g in mice on high-fat diet, P Ͻ 0.001). After 10 weeks, mice on high-fat diet weighed ϳ10% more than those fed the normal diet. Weight of fat pads was also significantly higher in the mice on high-fat diet (Fig. 1B-D) as was the plasma concentration of leptin (see vehicletreated groups in Tables 1 and 2) . Systemic effects of leptin in mice on normal or highfat diet Food intake and body weight responses to leptin. Intraperitoneal administration of leptin caused a dosedependent suppression of cumulative food intake (P Ͻ 0.001) and weight loss (P Ͻ 0.001) in mice on normal diet (Fig. 2) . As expected, mice on high-fat diet were substantially resistant to the anorexic effects of leptin. Leptin produced a significant decrease in food intake (P ϭ 0.039) in mice fed high fat, but it was significantly less (P ϭ 0.006) than in mice fed normal diet. Furthermore, whereas leptin decreased body weight in mice fed normal diet, there was no significant decrease in body weight in mice fed high-fat diet ( Fig. 2A) . Leptin treatment was associated with a decrease in BAT weight in mice on normal diet but not in high-fat-fed mice (Table 1) . Epididymal fat and perirenal fat depot weights were not significantly affected by leptin in both groups of mice (Table 1) . Regional SNA responses to leptin. At baseline (before intravenous treatment), no difference in basal renal SNA was observed between mice fed normal diet (2.98 Ϯ 0.08
. Baseline lumbar and BAT SNA were also comparable between mice fed normal or high-fat diet (data not shown).
Intravenous administration of similar doses of leptin as above (30 and 60 g) caused substantial increases in SNA to the kidney in mice fed normal diet (P Ͻ 0.001) or highfat diet (P Ͻ 0.001) (Fig. 3) . There was no significant difference in effects of leptin on renal SNA between mice on normal or high-fat diet (P ϭ 0.683). Intravenous administration of 60 g leptin increased renal SNA by 222 Ϯ 29 and 244 Ϯ 27% in the 4th h in mice on normal or high-fat diet, respectively.
Transection of the renal nerve distal to the recording site did not affect the renal sympathetic activation to leptin, with an increase in renal SNA of 232 Ϯ 19% (n ϭ 6) and 232 Ϯ 30% (n ϭ 6) in the 4th h of 60 g intravenous leptin in mice on normal or high-fat diet, respectively. In contrast to renal SNA, the increases in SNA to BAT and hindlimb following intravenous leptin were markedly attenuated (P ϭ 0.003 and P Ͻ 0.001, respectively) in mice fed high-fat diet compared with mice on normal diet (Fig.  4) . Intravenous administration of leptin increased plasma leptin concentrations identically in mice on both diets (Table 1) .
Central effects of leptin in mice on normal or high-fat diet
Food intake and body weight responses to intracerebroventricular leptin. In mice on normal diet, intracerebroventricular injection of 5 g leptin caused a significant decrease in food intake (P Ͻ 0.001, Fig. 5A ) and body weight (P ϭ 0.001) measured 24 h after the intracerebroventricular injection. However, in high-fat-fed mice, intracerebroventricular leptin did not significantly affect food intake ( Fig. 5A , P ϭ 0.081) or body weight (P ϭ 0.594), compared with the vehicle. In normal diet-fed mice, the decrease in body weight induced by intracerebroventricular leptin was associated with a decrease (P ϭ 0.009) in BAT mass measured 24 h after the intracerebroventricular injection (Table 2 ). Epididymal and perirenal fat did not change significantly in the normal diet-fed mice after intracerebroventricular leptin (Table 2 ). In the highfat-fed mice, no fat pad depot was affected by intracerebroventricular leptin compared with the vehicle (Table 2) . Plasma levels of leptin (measured 24 h after treatment) were not affected by intracerebroventricular administration of leptin in mice on both diets (data not shown).
Regional SNA responses to intracerebroventricular leptin. The rise in renal SNA induced by intracerebroventricular leptin was of the same magnitude in mice on normal or high-fat diet (P ϭ 0.917, Fig. 5B ). Indeed, the increase in renal SNA in the 4th h after intracerebroventricular leptin was 144 Ϯ 14 and 145 Ϯ 15% in mice on normal or high-fat diet, respectively. In accordance with the response to intravenous treatment, BAT sympathetic activation to intracerebroventricular leptin was significantly attenuated (P ϭ 0.029) in mice on high-fat diet compared with normal diet-fed mice (Fig.  5C ). Lumbar SNA response to intracerebroventricular leptin was also attenuated (P ϭ 0.05) in mice on high-fat diet compared with mice fed normal diet (Fig. 5D) . Again, plasma levels of leptin (measured here 4 h after treatment) were not affected by intracerebroventricular administration of leptin in mice on both diets (Table 2) . Blood pressure measurements Effect of dietary obesity on arterial pressure. We compared arterial pressure between mice on normal or high-fat diet. Using radiotelemetric measurement, mice on high-fat diet showed ϳ10 mmHg higher baseline systolic, diastolic, and mean arterial pressure than the mice on normal diet. Mean arterial pressure was 110 Ϯ 1 mmHg in mice fed high-fat diet vs. 100 Ϯ 1 mmHg in control mice (P Ͻ 0.001). In contrast to arterial pressure, heart rate was significantly lower in mice on high-fat diet (385 Ϯ 3 bpm) compared with controls (417 Ϯ 3 bpm, P Ͻ 0.01). Effect of leptin on arterial pressure in mice on normal or high-fat diet. The question here was whether there is resistance or preservation of the arterial pressure response to leptin in obese mice fed high-fat diet. The preserved renal SNA response to leptin associated with the hyperleptinemia observed in mice on high-fat diet might be expected to increase arterial pressure in these obese mice. In line with our previous reports (12,13), short-term intravenous or intracerebroventricular leptin treatments in anesthetized mice caused no significant changes in arterial pressure or heart rate recorded during the regional SNA experiments (data not shown). To test the ability of long-term leptin treatment to increase arterial pressure in the obese mice despite the resistance to the anorectic and weight-reducing effect of leptin, we compared the action of 12 days intraperitoneal administration of vehicle and leptin (60 g, twice daily) in mice on normal or high-fat diet. In mice on normal diet, leptin caused a significant (P Ͻ 0.001) increase in mean arterial pressure as expected (Fig. 6A) . Heart rate did not change significantly (P ϭ 0.331) in leptin-treated (⌬ heart rate at day 12 was ϩ15 Ϯ 7 bpm) and vehicle-treated (ϩ5 Ϯ 9 bpm) groups. Leptin treatment also caused a significant decrease in body weight (Ϫ6.0 Ϯ 0.9%), food intake (Ϫ32.4 Ϯ 7.5%), and fat mass (Ϫ3 to Ϫ21%). Arterial pressure in the pair-fed lean mice treated with vehicle (⌬ mean arterial pressure at day 12 was Ϫ3 Ϯ 8 mmHg, n ϭ 6) did not change significantly (P ϭ 0.2) compared with the nonpairfed vehicle-treated group (Ϫ2 Ϯ 2 mmHg).
Arterial pressure in mice on high-fat diet was also responsive to leptin. Twelve days of leptin caused a significant increase in arterial pressure in the high-fat-fed mice (Fig. 6B) . The leptin-induced arterial pressure increase was of the same magnitude in mice fed high-fat diet (ϳ10 mmHg) or normal diet (ϳ11 mmHg). Leptin caused no significant change in heart rate (ϩ14 Ϯ 4 bpm), body weight (Ϫ2.7 Ϯ 0.9%), and food intake (Ϫ1.1 Ϯ 9.9%) in mice on high-fat diet.
DISCUSSION
We previously reported that agouti yellow obese mice have selective leptin resistance with preservation of the renal sympathetic response to leptin despite resistance to the anorectic and weight-reducing actions of leptin. The present study extends these observations in three ways. First, our data show selective leptin resistance in an acquired model of obesity, namely mice with diet-induced obesity. Second, the study demonstrates that there is preservation of the arterial pressure response to leptin in addition to the renal sympathetic response to leptin in this model of obesity hypertension. This finding enhances the potential pathophysiologic significance of the phenomenon of selective leptin resistance. Third, the study demonstrates that preservation of the sympathetic responses to leptin are not uniform but are instead specific to the kidney.
In these obese mice, leptin failed to decrease appetite and body weight or to increase lumbar and BAT sympathetic activity. However, leptin was able to induce renal sympathetic activation and increase arterial pressure with similar magnitude in the obese and lean mice. These results demonstrate that selective leptin resistance occurs in dietary obesity as it does in a rare monogenic murine model of obesity, i.e., agouti obese mice. Interestingly, the selectivity in leptin resistance occurs despite the modest increase in body weight and fat mass in mice fed high-fat diet. Moreover, the increases in plasma leptin were also relatively modest (about threefold increase). The response of regional SNA to leptin was differentially altered in the mice fed high-fat diet. Resistance of the thermogenic BAT SNA to leptin is consistent with the attenuated weightreducing action of leptin. In line with our results here, decreased lumbar sympathetic activation to leptin has been reported in diet-induced obese rat (15) . Finally, data from the present study support the concept that there is differential regulation of sympathetic outflow to peripheral tissues.
Preservation of renal sympathetic response to leptin in presence of hyperleptinemia could explain an adverse effect of leptin on blood pressure in obesity, despite resistance to the metabolic actions of leptin. The kidney is known to play a major role in the control of cardiovascular function and blood pressure. The renal effects of increased renal sympathetic outflow include increased renal tubular sodium reabsorption, leading to renal sodium retention; decreased renal blood flow and glomerular filtration rate; renal vasoconstriction; and increased renin release, leading to angiotensin II production (16) . These alterations are known to promote increases in arterial pressure. Although the effect of leptin on renal function was not assessed in the present study, we found that leptin produced comparable increases in arterial pressure in obese versus lean mice. The critical role of the sympathetic nervous system in arterial pressure response to leptin has been demonstrated (17) . The pivotal role of renal nerves in obesityinduced hypertension has also been shown (18) . Altogether, these data indicate that preservation of leptin's ability to stimulate renal sympathetic activity in obesity could explain a role of this hormone in obesity-associated hypertension.
Preserved renal sympathetic activation to leptin in the presence of hyperleptinemia in the obese mice would have been expected to result in higher baseline renal SNA. Using direct nerve recording, we failed to see a difference in renal SNA at baseline between lean and obese mice. However, this method of sympathetic nerve recording is not reliable to quantitative absolute levels of sympathetic activity but is best for measuring responses to short-term stimuli. Interestingly, obese humans exhibit increased renal norepinephrine spillover (19) . Elevated renal sympathetic outflow has also been reported in animal models of dietary obesity (20, 21) . Eikelis et al. (22) have recently shown a strong correlation between leptin plasma concentration and renal sympathetic activity across a broad range of leptin values in men of widely differing adiposity. This indicates that leptin may be a major cause of renal sympathoactivation associated with obesity in animal models and in humans. In our studies, it is highly likely that leptin stimulated efferent rather than afferent sympathetic activity because distal transection of the renal nerve did not alter the sympathetic response to leptin. In addition, intracerebroventricular administration of leptin, which would not have access to renal afferent nerves, mimics the effect of intravenous leptin on renal sympathetic outflow.
Saturation in the transport of leptin into the central nervous system represents one potential mechanism of selective leptin resistance in obesity (23, 24) , but as discussed below, we can exclude this explanation. Tanida et al. (25) showed that local injection of leptin in white adipose tissue activate sympathetic activity to the kidney. Therefore, if the renal SNA effects of leptin result from peripheral action, then selective leptin resistance could result from central neural resistance to metabolic effects of leptin and preservation of peripheral sympathetic action of leptin. However, we have shown that the sympathoexcitatory effects of leptin result from an action in the central nervous system. Intracerebroventricular injection of leptin increases SNA in rats and mice ( [12, 26] and present data), and lesions of the arcuate nucleus in the hypothalamus prevent the sympathetic responses to intravenous administration of leptin (26) . In addition, we have shown that selective leptin resistance in obese mice is observed with central neural as well as systemic administration of leptin. These observations exclude a defect in transport of leptin across the blood-brain barrier as an explanation for our results.
The mechanisms of selectivity in leptin resistance are just beginning to be unraveled. Indeed, in obese mice, the inability of leptin to activate intracellular signaling pathways such as the STAT3 proteins appears to be restricted to the arcuate nucleus of the hypothalamus (27) . The arcuate nucleus is known to be a major site of leptin action to control food intake and body weight (28, 29) but also BAT SNA (26) . In contrast, leptin-induced renal sympathetic activation and blood pressure increase are mediated by the ventromedial and dorsomedial hypothalamus (30) . Therefore, we speculate that selectivity in leptin resistance may be due to the inability of leptin to activate downstream signaling pathways in the arcuate nucleus but preservation of leptin action in other cardiovascular-related hypothalamic areas. However, future studies are required to test this speculation.
In conclusion, we have shown that in mice, dietary obesity is associated with selective leptin resistance. Systemic and central administration of leptin increased renal SNA but had an attenuated effect on food intake, body weight, and SNA to the hindlimb or BAT. Preservation of renal SNA response to leptin in the obese mice was associated with a preserved arterial pressure response to leptin. Our findings suggest that selectivity in leptin resis- tance with preservation of renal sympathetic nerve responses to leptin is a potential mechanism for increases in arterial pressure and adverse cardiovascular actions of leptin in obesity.
